with progressively more vigorous disruption of the tissue. Mesophyll cels are preferentially broken first. With this technique, the initial extracts are not completely free from the contents of bundle-sheath cells and, similarly, the final extracts contain some mesophyll contamination. To overcome this problem, the results have been analyzed by a correlative method that is based on a comparison of the activities of PFP with enzymes known to be restricted to specific sites within the leaves of C4 plants. If PFP is confined to a single location, there will be a constant relationship between PFP and the enzyme specific for that location in each extract. A method similar to this has been used to study the subcellular location of acid invertase and sucrose in the storage tissue of beetroot (18) . Here , we demonstrate that the technique can also be used to study the intercellular distribution of enzymes, and report that in maize leaves PFP is predominantly, if not exclusively, located in the mesophyll. A similar technique has recently been used to study the distribution of metabolites within maize leaves (25) .
A wide range of plant tissues contains PFP3 activity (7, 17, 27) . This enzyme catalyzes the interconversion of Fru-6-P and Fru-1,6-P2, a key point of regulation for both glycolysis and gluconeogenesis (2) . The role of PFP in plant metabolism is unknown; the available evidence being equally compatible with PFP functioning in either glycolysis or gluconeogenesis (1, 2, 17) . To investigate this further, we studied the distribution of PFP in maize leaves.
The available evidence suggests that, normally, sucrose synthesis in maize leaves is restricted to mesophyll cells, since during photosynthesis in the presence of '4C02, labeled sucrose initially accumulates in these cells (9) . Furthermore, sucrose phosphate synthetase and sucrose phosphate phosphatase, the final enzymes in the synthesis of sucrose, are both confined to this tissue (8, 9, 26) . In contrast, starch preferentially accumulates in the bundlesheath cells (8) . Therefore, enzymes involved directly in gluconeogenesis might be expected to be restricted to mesophyll cells, whereas glycolytic enzymes should be present in both mesophyll and bundle-sheath. Although PFP activity has been measured in maize leaves (22) , its intercellular location has not been determined.
We have attempted to resolve this problem by using a method, first developed by Bjorkman and Gauhl (6) (16, 27) . All biochemicals and auxiliary enzymes were purchased from Sigma. Sephadex G-25 was from Pharmacia (Dorval, Que.).
Preparation of Leaf Extracts. Mature corn leaves were sequentially extracted in 150 mM Tricine-NaOH (pH 7.5) containing 0.4 M sucrose, 10 mM KCI, 1 mM MgCl2, 1 mm EDTA, 10 mM DTT, using a method similar to that described by others (12) . Between 2 and 4 g fresh weight of leaves were cut into 0.5 to 1.0 cm slices and squashed in a mortar containing 5 ml extraction medium. The Each fraction was made up to 0.1% (v/v) with Triton X-100 and a 1 ml aliquot was then passed through a Sephadex G-25 column (1.6 x 5 cm) equilibrated with extraction medium from which sucrose was omitted. These desalted extracts were used for enzyme determinations.
Enzyme Assays. All enzyme assays were carried out at 25°C in a total volume of 1 ml, unless noted otherwise. Auxiliary enzymes were dialyzed before use. PFP and PFK activities were measured as described previously (21) . For PFP, the reaction mixture contained 100 mm Tris-HCl (pH 7.5), 1 mM MgC92, 5 mM Fru-6-P, 12 mm glucose 6-P, 1 mM PPi, 0.1 mM NADH, 1 M Fru-2,6-P2, 2 units aldolase, 10 units trioseP isomerase, 2.5 units glycerol 3-P dehydrogenase. The reaction was started with PPi. The reaction mixture for PFK contained 100 mM Tris-HCl (pH 8.0), 5 mM MgCI2, 5 mM Fru-6-P, 12 mM glucose 6-P, 1 mM ATP, 0.1 mm NADH, 1 unit aldolase, 10 units TrioseP isomerase, 1.3 units glycerol 3-P dehydrogenase. The reaction was started with ATP.
Other enzymes were measured as described previously; glycerate 3-kinase by a continuous spectrophotometric assay using Pglycerate kinase and trioseP isomerase (21) ; P-enolpyruvate carboxylase by a spectrophotometric assay containing malate dehydrogenase (28); NADP-malic enzyme ( 11) (after preincubation in 25 mm Hepes-KOH [pH 7.8] containing 5 mM DTT at 25°C for 90 min); NADP-malate dehydrogenase in the direction of malate formation (13) (after preincubation in 25 mM Tris-HCl [pH 8.9 ] at 30°C for 30 min); ribulose 1,5-bisP carboxylase, in a final volume of 0.5 ml, after activation as described previously (19) .
Chl was measured in extracts prior to desalting as described by Arnon (4) . Protein was measured in the same extracts according to Lowry et al. (20) after precipitation by 80% (v/v) acetone. BSA was used as a standard.
Measurement of Net Photosynthesis. Photosynthesis was estimated in intact plants by measuring net CO2-exchange rate in a closed system at air levels of CO2 using a Series 225 IR gas analyzer (Analytical Development Co., Hoddesdon, England). For each measurement, a portion ofa mature leaf(approximately 0.1 g fresh weight) was enclosed in a Perspex leaf chamber (4.0 x 2.2 x 0.7 cm) and the cuvette was flushed with air for 5 min before sealing the system.
RESULTS
Activities of PFP and PFK in Maize Leaves. Both enzymes were measured in mature leaves from 16 d old plants. These leaves contained between 2.0 and 2.5 mg Chl/g fresh weight and, when measured under the growth conditions, the net photosynthetic rate was 4.58 (±0.337) mol-min-' *g-' fresh weight (mean + SE of five measurements). This rate is comparable with those obtained recently with a range of maize genotypes (5) . PFP activity in this tissue was 62.4 (±4.35) nmol min-'.g-' fresh weight (mean ± SE of five separate experiments). The corresponding value for PFK was 288.6 (±28.79) nmol-min-'.g-' fresh weight. For both enzymes, the assays were shown to be optimal by varying the concentration of each component and the pH of the reaction mixture. Fru-2,6-P2 stimulated PFP activity about 15-fold, but had no effect on PFK. Up to 5 mm Pi had no effect on PFK activity in the optimized assay.
To check whether the above estimates were affected by enzyme inhibitors or activators in the tissue, PFP and PFK activities were measured in a sample of maize leaves, a sample of endosperm from 4 d old castor beans, and a sample containing equal weights of leaf and endosperm. For PFP the activity measured in the mixture was 94 (±6)% (mean ± SE of three samples) of that predicted from those measured in the tissues extracted separately.
For PFK the corresponding value was 96 (± I0)%. Because the PFP activity in castor bean endosperm was about ten times that measured in maize leaves (17) , an additional approach was used to test the recovery of this enzyme. Maize leaves were extracted after the addition of purified potato PFP similar in amount to the activity present in the leaves. In two experiments, the PFP activity in the supplemented extract was 84, and 97% of that expected from separate measurements of the intrinsic and added PFP activity.
Intercellular Location of PFP. To investigate the location of PFP, the distribution of activity in sequential extracts of maize leaves was measured, and this was compared with the distribution of other enzymes known to be confined to specific tissues in these leaves. P-pyruvate carboxylase and NADP-malate dehydrogenase were chosen as representative mesophyll enzymes, and ribulose 1,5-bisP carboxylase and NADP-malic enzyme were used as indicators of bundle-sheath tissue (14, 26) .
The release of both protein and Chl in the sequential extractions is shown in Figure 1 . Only a small fraction of the tissue was disrupted in the initial extractions, and the majority of the cells were broken in fractions 4 through 7. The activities of PFP, PFK, and the other enzymes measured in each of the fractions are presented in Figure 2 . Because of the differences in absolute amounts of protein in each fraction, the enzyme levels are expressed as specific activities. As expected from previous work (12), the first extracts were enriched in mesophyll cell contents, and the later fractions contained predominantly bundle-sheath cell contents. The Chl a/Chl b ratio increased from 3 to 5.5 in these fractions, consistent with the known distribution of Chl a and Chl b between mesophyll and bundle sheath chloroplasts (14) . The specific activity of P-enolpyruvate carboxylase was highest in the initial fractions, whereas that of both NADP-malic enzyme and ribulose 1,5-bisP carboxylase was greater in the later fractions, particularly in fractions 6 through 9 (Fig. 2) . Greater than 90% of the cytosolic fructose 1,6-bisphosphatase activity in maize leaves has been reported to be present in mesophyll cells (9) . We have assayed this activity using the differential assay developed by Stitt et al. (24) and found that the specific activity correlated well with that of P-enolpyruvate carboxylase (data not shown). This confirms the distribution reported previously (9) .
The specific activity of NADP-malate dehydrogenase was intermediate in the early fractions, peaked in fractions 3 through 5, and decreased to low levels in later fractions. A very similar pattern was observed for the specific activity of glycerate kinase, another enzyme which is confined to mesophyll chloroplasts in maize (26) . Thus, two enzymes which are localized in the mesophyll cell cytosol were extracted before two others which are localized in the mesophyll chloroplasts. The extraction buffer contained 0.4 M sucrose as osmoticum. The distribution of these enzyme activities may be accounted for by mechanical retention of some intact chloroplasts within the cell walls of damaged mesophyll cells. Thus, mesophyll cytoplasm activities would be preferentially released from the tissue before stromal activities from the same cells.
If there is a constant relationship between PFP and an enzyme confined to a single location in the leaf, the ratio of the specific activities of the two enzymes should be the same in all extracts.
Thus, a plot of the specific activity of PFP against that of the marker enzyme should yield a straight line that passes through the origin. In addition, the percentage recovery should be the same for the two enzymes in any fraction. In this case, a correlative plot of the recoveries in each fraction should yield a straight line that passes through the origin with a slope of one. Both plots Plant Physiol. Vol. 80, 1986 should give high values for the correlation coefficient.
_
Use of the correlative approach described above requires that , none of the enzymes considered are substantially activated or 40 2 inhibited during fractionation. To test this, the total activity E recovered in all fractions was calculated for each enzyme. These . values were between 85 and 1 14% of the activity expected from 30 E measurements of the enzymes in unfractionated leafextracts. To E test the applicability of the correlative method we compared the 20 > distribution of enzymes that are known to be in the same > compartment with those known to be differentially located.
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Comparisons of both specific activities and recoveries of ribulose 1 l,5-bisP carboxylase with those of NADP-malic enzyme and
NADP-malate dehydrogenase demonstrate that the technique 0 can clearly identify enzymes which are coincident (Fig. 3 , NADP- malic enzyme) or distributed independently (Fig. 4, NADP Comparison of the distributions of PFP and P-enolpyruvate carboxylase. The distribution of specific activity (A) and recovery (B) of the two enzymes was compared as described in Figure 3. but the activity rapidly declines as the leaves mature, producing a PFP/PFK ratio similar to that described above (22) . The maize leaf has properties that are very similar to those for the enzyme from a range of plant tissues, including the marked stimulation by Fru-2,6-P2 (15, 27) . Recent results suggest that maize leaf PFP has the same polypeptide composition as the enzyme from potato tubers (NJ Kruger, unpublished results).
Even though PFP is confined to the same site as sucrose synthesis in maize leaves, i.e. the mesophyll cytoplasm, this enzyme is unlikely to contribute significantly to the gluconeogenic conversion of Fru-1,6-P2 to Fru-6-P in the light. The maximum possible net flux from Fru-1,6-P2 to Fru-6-P for sucrose synthesis is about 0.76 mol min-'.g-' fresh weight as estimated from the measured rate of photosynthesis in the leaves used in the present study. This value will overestimate the actual rate of sucrose synthesis in vivo since sucrose is unlikely to be the only end product of photosynthesis. Even so, the maximum Plant Physiol. Vol. 80, 1986 activity of PFP can account for less than 10% of this rate. This low comparative rate, plus the decline in PFP activity throughout leaf development (22) , suggests that this enzyme is not involved in sucrose production during photosynthesis. The total level of cytosolic fructose 1,6-bisphosphatase in the leaves was 785 ± 55.6 nmol-minQ'-g-' fresh weight (n = 3), which would be adequate to account for the rate of gluconeogenesis. This rate was determined using the differential assay (24) and represents a conservative estimate of the total activity since no effort was made to optimize the assay for maximal rates. Based on studies of storage tissues not containing starch, it has recently been concluded that PFP is unlikely to contribute to the net conversion of Fru-1,6-P2 to Fru-6-P in some non-photosynthetic tissues (3).
In many higher plants the activity of PFP is generally comparable to that of PFK and hence it has the capacity to contribute quantitatively to glycolysis (7, 10, 17) . An apparent exception to this generalization is the spadix of Arum maculatum in which PFP activity does not follow the same developmental profile as glycolytic enzymes (3) . This activity is also inadequate to account for the maximum rate of glycolysis in the spadix during thermogenesis (3). The close correlation between PFP and phosphoenolpyruvate carboxylase described in the present paper indicates that little, if any, of the former enzyme is located in bundlesheath cells. This distribution supports the idea that significant activity of PFP is not essential for glycolysis in higher plants.
